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Abstract—We investigate signal power distribution in the az-
imuth-of-arrival, elevation-of-arrival and time-of-arrival domains
for various positions of the base station antenna located below
the rooftop as well as at rooftop level. This article is based on
a multiparametric stochastic model we introduced in 2004, as
combination of a statistical part, describing an array of buildings
randomly distributed at the terrain, and a waveguide model,
describing a grid of straight streets with buildings along them.
Joint signal power distributions in azimuth-time delay and eleva-
tion-azimuth planes are obtained and compared to high-resolution
3-D measurements carried out in downtown Helsinki. A good
agreement between theoretical predictions and the measurements
is obtained basically, and also regarding the wave-guiding effect
and antenna height dependencies. A satisfactory physical expla-
nation, which accounts for the character of the speciﬁc building
topography, the height and tilt of the antennas, is found. Finally,
we present a numerical experiment of changing the base station
antenna height, its directivity, and tilt. By this we show that the
proposedstochasticapproachallowstopredictandcontrola-priori
main parameters of smart antenna based only on knowledge of
speciﬁc features of built-up terrain.
Index Terms—Azimuth, channel, comparison with measure-
ments, delay, elevation, model, propagation, smart antennas,
stochastic model, waveguide.
I. INTRODUCTION
D
URING the last decade, an increasing demand of wireless
network and multiple access performance is observed,
which ﬁnally has motivated the radio engineers to develop
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adaptive techniques and facilities including adaptive (also
known as smart) antennas, allowing higher system capacity and
more efﬁcient spectrum utilization [1]–[14]. This process was
accompanied with the signiﬁcant growth of interest in devel-
oping advanced wave propagation models and for performance
of appropriate high-resolution experiments, which describe
temporal-spatial channel characteristics for different urban
scenarios [15]–[43]. The main goal of numerous theoretical
and experimental investigations was to ﬁnd more applicable
theoretical, deterministic, or statistical models that are able to
describe most physical phenomena related to radio propagation
in urban communication channels. The distribution of the total
signal power at the receiver in the angle-of-arrival, azimuth
(AOA) and elevation (EOA), and time-of-arrival (TOA)—usu-
ally called in the literature time delay (TD)—domains are of
most interest. The users of such models are, e.g., designers
of adaptive antennas, which will play a larger and larger role
in modern third (3G) and forth (4G) generations of wireless
networks [28], [43]. The high performance of adaptive antennas
is based on adaptive algorithms that were derived from prop-
agation models. It were those channel models, which enabled
designers to describe the mutual AOA, EOA, and TD distribu-
tions of the total signal intensity, and which at the same time
could describe different situations in the urban scene covering
various parameters such as building density, building overlay
proﬁle, and street orientation with respect to the terminal an-
tennas together with their height, directivity, and pattern, which
play an signiﬁcant role in signal power distribution within the
area of service.
Most experimental investigations of temporal and spatial
variations of radio waves carried out in recent decades for
various conditions of terrain showed that a wide spectrum
of shadow zones is observed at the street level, and very
sharp boundaries between light and shadow zones are created
[25]–[28]. Moreover, it was found that various urban scenarios
with speciﬁc peculiarities of the topography inﬂuence in dif-
ferent manners on the mutual AOA, EOA, and TD distributions
of the total signal [20]–[22], [31]–[38], [43]. From the point of
view of designing multiple access networks, it is very impor-
tant to use some uniﬁed spatio-temporal approach for various
situations in the urban scene.
Unfortunately, most existing propagation models include
only a partial description of the real urban channel in terms
of AOA, TD or mutual AOA-TD distributions. The reason is
that currently there is no general algorithm to predict signal
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power characteristics in space, time, and frequency domains
for urban and suburban environments. Each speciﬁc model
describes a special scenario in the urban scene and requires
only statistical description of the real building pattern inside the
city, instead of using well-known deterministic approaches like
the ﬁeld characteristics inside the propagation channel. The
main disadvantage of these speciﬁc models—statistical [16],
[17], [29]–[31], measurement-based [32]–[34], or ray-tracing
[35], [36]—is the absence of the urban area dependent uniﬁed
parameters of the model that adapt the results of measurements
to the type of the corresponding environment.
Obviously, an accurate prediction or performance analysis
of the adaptive system, based on these methods, requires a lot
of measurements to be done with different types of calibration
techniques for different types of environments in each inves-
tigated area. First this was done in [18]–[22], as an approach
that introduces urban propagation mechanism based on 3-D
high-resolution radio channel measurements carried out in
different European cities, particularly in Helsinki (Finland) and
Paris (France). This approach has analyzed the propagation
mechanism using comprehensive classiﬁcation of different
types of wave propagation in urban scene. The classiﬁcation
deﬁnes three propagation classes: street-guided propagation
(class 1), direct propagation over the rooftop (class 2), and
scattering reﬂection from high-rise objects (class 3). We will
compare our proposed stochastic approach with measurements
carried out in Helsinki [21], [22]. As can be summarized from
results obtained in those publications, the detailed under-
standing of radio propagation phenomena is a key concept for
the development and performance assessment of mobile and
personal communication networks.
This paper continues to analyze a new multiparametric sto-
chastic approach, proposed earlier in [42], [43] for the separate
AOA and TD signal distribution, and also for their joint distri-
bution [44], in urban environments for various heights of base
station antennas where it was shown, through numerous exper-
iments [31]–[34], that this model is applicable and effective in
understanding joint AOA and TD effects in various urban en-
vironments. In Section II, we brieﬂy introduce our stochastic
model and then modify it, taking into account the guiding ef-
fects caused by the broken—by crossing streets—waveguides
(mutlislit) [27], [40], [41], as an additional phenomenon in the
existing stochastic propagation channel model. An antenna pat-
tern model in the EOA domain is brieﬂy investigated here to de-
scribe the inﬂuence of the vertical antenna pattern on the AOA
and TOA signal power distributions. Section III presents sim-
ulation results. Here, the comparison with experimental data is
performed, based on experiments published in [21], [22].
II. A GENERAL 3-D STOCHASTIC MODEL
This section describes how disadvantages of current models
can be eliminated by advanced techniques. In Section II-A, the
concept of a multiparametric stochastic approach is introduced
brieﬂy based on results obtained in [42], [43]. The main distinc-
tion of the proposed model is the introduction of a statistical de-
scriptionoftheurbanpropagationenvironment.SectionII-Bde-
scribes the street waveguide effects examined in [27], [40], [41]
and then, in Section II-C, a novel consideration of the guiding
effect caused by the broken street waveguide (multislit) in the
urban channel and the angle-of-arrival (AOA) and time-delay
(TD) signal power distributions is presented, following [44].
Section II-D is dedicated to the effect of directional antennas
with various tilts at the base station and the effect on the eleva-
tion-of-arrival (EOA) signal distribution.
A. Azimuth-of-Arrival and Time Delay Signal Power
Distributions
Todescribefullytheurbanterrainandtheantennaheightsthe
following parameters have been introduced in [27], [42], [43]
according to the proposed stochastic model.
The average horizontal distance of LOS, ,d e ﬁned by
(2.1)
the minimum and maximum building height in the area of in-
vestigation, and , and the corresponding terminal antenna
heights, for mobile station and for base station where
.
In(2.1) is theaveragelength ofbuildings, is thedensity
of buildings per square kilometer.
Following [27], [42], and [43], let us now present the func-
tion of spatial variations of the total ﬁeld in the urban propaga-
tionchannelwithrandomlydistributedobstacles.Asinprevious
works concerning the multiparametric stochastic model, we put
the origin of the coordinate system at the point ,
which now describes the moving receiver (see Fig. 1). At the
moment , the receiver passes the point with ve-
locity in a direction that is determined by the angle . The
base station, as the transmitter, is placed at the point with
its coordinates ; the point is the point of scat-
tering for the arbitrary ray ABC. As is shown in Fig. 1, during
the time the mobile receiver will arrive at point from
point .Usingresultsobtainedin[42],[43],wecanpresent
the function of ﬁeld correlation
as
(2.2)
Here, we introduce a new variable of integration
; where , the azimuth in ref-
erence to the axis AB (see Fig. 1), and a new variable
.
The function is the density of the joint distribution (of
both the time delay and the azimuth ) of the reﬂected waves
at the receiver obtained in [42], [43]. Function is the
probability that it is not a shadowing effect for the segment
at the screen-scatterer, which can be presented in coordinates
as
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Fig. 1. The geometry of scattering from a nontransparent building.
As was shown in [42], [43], the function has a sharp
maximum in the region close to the receiver and trans-
mitter locations. At the same time the probability ,
described by (2.3), is a smooth function. For the case of
, i.e., when points B and D are not so far
from each other along the radio path (see Fig. 1), we can inte-
grate (2.2) over the variable using the well-known Laplace
method [42], [43] and ﬁnally obtain for
(2.4)
Here the function determines the energy spectrum of the
totalﬁeldscatteredfrom anyscattererforanyobserverplaced at
the mobile receiving point B, i.e., the signal power distribution
over the azimuth. It can be obtained for the case of
taking into account diffraction from the virtual sources and the
method of integration of (2.2) described in [42], [43]
(2.5)
where
(2.6a)
(2.6b)
Here, is the absolute value of the reﬂection coefﬁcient from
the building surface; is the height or width of building’ss e g -
ments, , is the a wavelength, is the height of the
MS (denoted in Fig. 2 as ), is the height of the BS (de-
noted in Fig. 2 as ), is the angle-of-arrival (i.e., azimuth),
is an average height of the building, and is distance between
receiver and transmitter. Here also a new parameter
(2.7)
which accounts for the process of diffraction over the build-
ings, was introduced according to [42], [43] instead of
used in [25] where diffraction phenomena were not
considered. The factor in (2.7) describes the effect of
the “knife-edge” diffraction from roofs and the degree of clear-
anceof theﬁrst Fresnelzone withradius . As was shown
in [42], without accounting effects of diffraction, i.e., with ab-
sence of the term in (2.6), we get no correct physical
solutions for for the case when cf. [25].
Thereare two mainterms and in the(2.5).Eachof them
relates to a different propagation phenomenon. The term is
the signiﬁcant term that describes the inﬂuence of the scattering
area located in the proximity of the MS. The term describes
general effects of other scatterers that distribute uniformly in
areas surrounding the BS and MS. The inﬂuence of different
scatterers for the typical three cases, depending on the BS an-
tenna height, is sketched in Fig. 2.
When the height of the antennas is below the building proﬁle
height [Fig. 2(c)], both components and are signiﬁcant for
the distribution . From (2.3) follows that, if the base sta-
tion antenna height increases up to [Fig. 2(b)], then
and , .
In this case of , is close to zero, and that means that
all scatterers located in the far zone from MS, near the BS, will
inﬂuence the spreading of the total signal at the BS; we can re-
late to the disk region of scatterers presented by Fig. 2(b). With
increasing height of the BS antenna, i.e., , the inﬂuence
of buildings surrounding the MS on the total signal distribution
will be more signiﬁcant, and becomes larger than , de-
scribing the effect of scatterers located close to MS [Fig. 2(a)].
When the BS antenna is above the rooftop level [Fig. 2(a)], the
spectrum distribution in azimuth domain depends only
on the position and distribution of scatters (obstructions) close
to the MS; they are uniformly distributed in a circle (disk) close
to the MS [Fig. 2(a)].
Inthiscase,theinﬂuenceofscatterers(buildings)intheprox-
imityoftheMSonthesignalreceivedattheMSisincreasedand
contributes more than scatterers surrounding the BS [Fig. (1)]
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Fig. 2. Geometry of scatterers depending on antennas heights. (a) BS height
larger than buildings, (b) BS on rooftop level, (c) BS below buildings.
In a similarway, thepowerspectrum of timedelay ofarriving
waves was obtained in [42], [43]
(2.8)
where
(2.9a)
(2.9b)
Here we introduced, relationships between , , , and relative
time of signal arrival with respect to that of pseudo-LOS com-
ponent, which is deﬁned as the wave-component passing along
the virtual axis between the transmitter and the receiver: the
variable is the time delay
(2.10)
and , is azimuth.
In the time delay domain, the same properties of the signal
power spectrum, as above for the azimuth domain, can be ob-
tained. Thus, in the case of
(2.11)
and the distribution of scatterers far from BS antenna, and close
to MS antenna [see Fig. 2(a)] does not inﬂuence on a power
spectrum inthetimedelaydomain.Then,withincreasing
height of the receiver antenna (when , ) the main
contribution follows from the ﬁrst term with , which de-
scribes the inﬂuence of the neighboring area around the MS. In
this case, condition (2.11) must be converted. We also note that
the function does not depend on parameter , i.e., on re-
ceivingantenna’sheightwithrespecttotherooftops.Therefore,
for the form of the power spectrum versus time delay
becomes almost constant.
B. Street Guiding Effect in Urban Areas
Set of experiments in urban areas with randomly distributed
buildings placed on rough terrain were done in [20]–[22]. A
guidingeffectwasobserved(cf.,SectionIII)duringtheseexper-
iments as signiﬁcant propagation phenomenon in urban areas,
particularly when both terminal antennas are placed below or at
the rooftop level.
The concept in the current paper is based on the idea that
EM-waves propagate along a street in a city area as if the street
was structured in the form of a broken (multislit) waveguide
[27], [40], [41]. The proposed model considers the multiple
reﬂections from building walls, multiple diffractions by walls’
corners and reﬂection from the road surface. The street is
considered as a broken waveguide with Poisson distribution of
buildings and intervals between them (slits) according to [27],
[40]
(2.12a)
(2.12b)
where , and , are screen and slit lengths and their
mean values, respectively. Each screen (building) is described
by its electrical properties, deﬁned by a surface impedance and
ﬁnally by the absolute value of its reﬂection coefﬁcient. Let us
deﬁneadiscretespectrumoftotalﬁeldintensitywithinabroken
waveguide according to [27], [40]
(2.13)
where is a constant deﬁned by relation between antenna pa-
rameters [27], [40], is the BS-MS distance, is a brokenness
parameter deﬁned by
(2.14)
is the width of the street, is the wave number deﬁned by
(2.15)
is the absolute value of the reﬂection coefﬁcient, is the
phase of the reﬂection coefﬁcient, is the number of reﬂections
(wavemodes),and .Withoutlossofgenerality,weas-
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Fig. 3. 2-D model of a street waveguide accompanied by scatters randomly
distributed around the transmitter and receiver.
walls, and for this case and . Such assump-
tions allow us to rewrite (2.13) in the following form:
(2.16)
where . In our future computationswe
assume the wave number to be unity, because, as was proved
experimentally in [27], [40], [41], the wave modes with
attenuate very fast along the street waveguide.
We will rewrite now (2.16) by introducing a polar coordinate
system, as it is shown in Fig. 3. According to the geometry pre-
sentedinFig.3,usingtherelationsbetweenvariables(2.10),we
can rewrite formula (2.16), following [44], as
(2.17)
where is a signal power of the isotropic antenna in free
space. Now, to ﬁnd the total signal power distribution in time
and azimuth domains, accounting the guiding street effect, we
combine, formula (2.17) with (2.5)
(2.18)
or with (2.8)
(2.19)
to determine the joint 2-D distribution in the azimuth-of-arrival
(AOA)andtime-delay(TD)domains,respectively.Inabovefor-
mulas can be obtained by integration of (2.17) over ,
and can be obtained by integration of (2.17) over
[42], [43].
Fig. 4. Micro-cell urban environment (Rx is below the rooftop level).
Fig. 5 Measured data in AOA-TOA plane for antenna below the rooftop level.
C. Effects of Antenna Directivity in the Elevation Angle
Domain
Considering adaptive antennas, we will use a simpliﬁed engi-
neering approach based on two projections, horizontal and ver-
tical, to depict the antenna 3-D pattern, which deﬁnes the an-
tenna gain as a function of azimuth and elevation angles, re-
spectively. For this purpose we use the von Mises probability
densityfunction(PDF),whichfullysatisﬁesourrequirementsto
describe a behavior of the directional antenna. This distribution
was investigated in details applying to the statistical modeling
and analysis of angular variables [24], [39], and is very effec-
tively used in radar applications. We investigate both antenna
directivity and tilt effects assuming permanent omnidirectional
antennapatternintheazimuthdomainand variableantennapat-
tern, according to von Mises distribution, in elevation domain.
Let the variable represent the elevation angle and repre-
sent the antenna tilt ( denotes above the horizon,
denotes below the horizon). The von Mises distribution is given
by
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Fig. 6. Joint AOA-TD relative signal power distribution in (a) 2-D and (b) 3-D pictures.
Fig. 7 Micro-cell urban environment (RX is at the rooftop level).
where (.) is the zero-order modiﬁed Bessel function, and
is an antenna directivity parameter [39]. We will analyze this
formula for different parameters and .
The corresponding signal intensity distribution in the EOA
domain can be easily obtained taking into account the same
derivation as was done for AOA and TOA domains, accounting
their mutual independency. Following the same procedure of
derivation mentioned in [42]–[44], we get
(2.21)
where, is the signal power of the isotropic antenna in LOS
conditions. Formula (2.21), combining it with (2.18) or with
(2.19), describes the joint signal power spectrum in EOA-AOA
and EOA-TD planes, respectively.
Fig. 8. Measured data in the AOA-TD plane: antenna is at the rooftop level.
III. NUMERICAL SIMULATION VERSUS RESULTS OF
MEASUREMENTS
In the previous section we introduced and analyzed the mul-
tiparametric and multislit street waveguide models. Below we
compare numerical simulations of the mutual AOA, EOA and
TDdistributionswiththemeasurementresultspresentedin[21],
[22]. Let us ﬁrst of all brieﬂy describe the 3-D high-resolution
measurements of the spatial radio channel carried out in dif-
ferent scenarios of downtown Helsinki.
A. TD-AOA Plane: Comparison of Theory and Experiment
As was mentioned above, according to the geometry of scat-
terers, thebuildings’ overlayproﬁle compared withthe terminal
antenna heights (see Fig. 2), all types of structures between the
receiver and the transmitter antennas, play a signiﬁcant role in
microcell radio environment. Simply speaking, each urban area
hasitsownﬁngerprintofAOA,EOA, and TD.Let usnowprove
those statements thorough the prism of the corresponding 3-D2908 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 54, NO. 10, OCTOBER 2006
Fig. 9. Joint AOA-TD relative signal power distribution in (a) 2-D and (b) 3-D pictures.
highresolutionmeasurementsdescribedin[21],[22],wheredif-
ferent receiver sites with different positions were investigated.
1) Antenna Location Below the Rooftops: The ﬁrst site de-
noted by RX1 is characterized by the antenna located on the
third ﬂoor of a building below the rooftops at the height of
(see Fig. 4, taken from experiments in [21], [22]).
The experiment above has been done in the following condi-
tions: minimum trafﬁc on the streets, TX antenna kit is on street
level 2 m, its pattern is omnidirectional in the azimuth and
has 87 beamwidth in the elevation 3 dB beamwidth of RX an-
tenna is 70 both for azimuth and elevation, which correspond
to . A wide-band (100 MHz) channel sounder has been
used with a carrier frequency of 2.154 GHz. The average height
of buildings located at the RX-site is –21 m.
Let us now examine in Fig. 5 the resulting image of the
joint AOA and TD distribution of the signal power received by
post-processing of the measured data at [21], [22]. We show
the corresponding simulations of the relative signal power
joint TD-AOA distribution, ,
as combination of (2.5), (2.8) and (2.17), in Fig. 6 in the (a)
2-D plane and (b) 3-D plane. Here is the total signal
power in the pseudo-LOS direction, as the virtual direct radio
path between the transmitter and the receiver. The parame-
ters, which describe the urban scene presented in Fig. 4, are
, the average value of the
reﬂection coefﬁcient , the parameter of brokenness
, the TX-RX distance , and the wavelength
. As follows from measurement results presented
in Fig. 5, and was predicted in [21], [22], more than 80–90%
of the power of rays arrive at the receiver from two streets due
to guiding effects, i.e., by multiple reﬂections from buildings
located along the streets. Those measured results completely
support our results of the simulations presented in Fig. 6 for the
experimental site shown in Fig. 4.
Thus, the maximum of energy arrives at the receiver from the
directions to the two parallel streets, i.e., from 20 to 30 degrees
of azimuth. The maximum energy arrives at the receiver with
time delay of 1–1.5 , whereas the measured time delay of
main rays arriving through these two streets varies between 0.5
and 1 , twice as small as obtained in simulations. This differ-
ence between computed and measured values can be explained
Fig. 10. Measured data in the EOA-AOA plane: antenna is below the rooftop
level.
bythefactthataLOSdistancebetweenRxandTxof300mwas
taken into account as a reference, giving a minimum time delay
of 1 . However, as was shown also in [23], the average mea-
sured time delay for the experimental site shown in Fig. 4 can
achieve 2–3 microseconds. So, we can point out that the data
predicted both theoretically and experimentally are completely
veriﬁable. Furthermore, the guiding effect of two streets shown
in Fig. 4 is clearly seen both from measured data and results of
computations.
All ﬁgures, obtained experimentally and theoretically, show
that besides the fact that the dominant energy of the total signal
(more than 80%) is caused by the guiding effect of streets,
there is a portion of total multipath energy (about 15–20%),
arriving from different directions with symmetry around the
pseudo-LOS direction. In addition, the maximum arriving
energy has minimum time delay in the direction close to the
radio path through the street canyons. This result is clearly
understood by means of the analysis of (2.17)–(2.19) for the
case of TX and RX antennas belowthe rooftop level. Therefore,
we can summarize that the number of scatterers, inﬂuencing on
the arriving multipath energy from TX direction, exponentially
vanishes with increase of azimuth and time delay. This result
was obtained experimentally in [21], [22] and was explained
based on phenomenological vision of the propagation mecha-
nism. The new principal result is the consideration of the real
street orientation provided by our novel stochastic multipara-
metric model with waveguide effect extension.BLAUNSTEIN et al.: SIGNAL POWER DISTRIBUTION IN THE AZIMUTH, ELEVATION AND TIME DELAY DOMAINS 2909
Fig. 11. Joint EOA-AOA relative signal power distribution in (a) 2-D and (b) 3-D pictures.
2) Receiving Antenna at the Rooftop Level: Let us now in-
vestigate another set of measurements, which is related to the
case, denoted as RX2 in [21], [22], where the RX antenna was
at the same level as the rooftops . The exper-
iment, shown in Fig. 7, has been done in the following condi-
tions: there is no trafﬁc on the streets, the TX and RX antenna
properties were the same as in Section III-A.1. Again, there is
no LOS between the TX and RX antenna. The distance between
the terminals was about 420 m. One wide street is placed with
azimuth of about from the main lobe of the RX antenna
(RX is mounted at 270 from the North direction).
Fig. 8 shows the result image of the post-processed measured
data for the area shown in Fig. 7. Fig. 9(a) and (b) shows the
result image of simulating the relative signal power
according to formula (2.17) presented in 2-D
plane and 3-D plane, respectively, for the TX-RX distance
; other parameters, as above.
Once again, a good agreement between measured data and
simulation results is observed. Using the same technique as
above, we accept the matching ratio of 0.68, i.e., 68%. At the
same time, there is a signiﬁcant difference with the results
shown in Figs. 5 and 6.
The maximum signal energy is concentrated in the area of
buildings located between the RX and TX antennas due to ef-
fects of rays arriving at the receiver after diffraction from roofs
and corners of buildings, the main features observed during ex-
periments described in [21]–[23]. So, in this location RX2 the
streetguidingeffectisnotsoobviousasinthepreviouscase.We
also note here, that using only the power spectrum in the mutual
AOA and TD domains, we cannot properly show two groups of
arrivingwaves,asinFig.8,whichischaracterizedbyacommon
azimuth range of to and different time delays. Each
of the two groups describes a different ray travel distance, when
all arrivals in the group have the same route. The same situation
with effects of reﬂections of rays from Hotel Torni Tower oc-
curs. Signal power distribution in mutual AOA and TD domains
(both in 2-D and 3-D plane) cannot also explain this situation.
We must note, that the proposed formula (2.17) does not de-
scribe the sharp ﬂuctuations in the elevation domain. Because
Fig. 12. Measured data in the EOA-AOA plane: antenna is at the rooftop level.
of that, we cannot see matching results for the arrivals from the
high tower (Hotel Torni), which is measured in [21], [22] and
presented in Fig. 8. Only using signal power spectrum distri-
bution in mutual AOA and EOA domains, the inﬂuence of the
two groups, clearly seen from measured data (see Fig. 8), will
have a satisfactory explanation. Investigating the joint AOA and
EOAdistributionoftotalsignalpower,wecanbetterunderstand
all the effects accounting consolidation of arrivals across the
waveguides created street-grid plan.
B. EOA-AOA Signal Power Distribution
The results of joint EOA-AOA distribution measured in the
urban scene shown in Fig. 4, are presented in Fig. 10. It was
measured that impinging waves were coming homogeneously
over elevation angles of to with concentrating near
the street canyons caused by guiding effect. Fig. 11 shows the
results of our simulation of the (a) 2-D and (b) 3-D cases com-
bining (2.18) with (2.21) for the normalized signal power joint
AOA-EOA distribution and (2.19) with (2.21) the normalized2910 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 54, NO. 10, OCTOBER 2006
Fig.13. Joint EOA-AOA relative signal power distribution in (a) 2-D and (b) 3-D pictures.
Fig. 14. The relative power spectrum W(￿;’) for ￿ =2 0: (a) 2-D and (b) 3-D picture.
signal power joint TD-EOA distribution using the ﬁrst experi-
mental setup shown in Fig. 4. A good quantitative agreement
between measurements and simulation results is also observed
in the AOA-EOA joint domain concerning the unique guiding
effects of the two streets. The simulation result shows max-
imum energy of the arriving signal concentrated around eleva-
tionanglescorrespondingtothedirectionofbothstreets.Infact,
looking now at the mutual EOA-AOA normalized signal power
distribution, both in the 2-D plane and the 3-D-plane, presented
in Fig. 11 (a) and (b), respectively, and also obtained experi-
mentally (Fig. 10), we obtain the maximum of arriving rays and
signal energy concentration around zero elevation angle in the
range of .
For the joint TD-EOA signal power distribution, because the
receiver BS antenna was located below the rooftops, the results
of measurements in time delay-elevation plane were not so ev-
ident. Better results of measurements of joint EOA-AOA and
TD-EOA distributions were obtained in the experimental site
RX2,wheretheantennawaslocatedatrooftoplevel(seeFig.7).
The results of these measurements of joint EOA-AOA signal
powerdistributionareshowninFig.12.Thecorrespondingsim-
ulation of mutual EOA-AOA distribution for normalized signal
power (to signal power along pseudo-LOS direction) is pre-
sented in Fig. 13. These results explain the over-rooftop propa-
gation (in our examples RX antenna is at the rooftop level) ex-
perimentally observed in [21], [22]. It means that the height of
buildings close to the RX deﬁne the elevation angles at the RX
antenna.Inaddition,asigniﬁcantnumberofwavespreadaround
elevation angle of zero, when there is the guiding effect in the
azimuth domain. This effect may be explained by the multiple
reﬂections of rays passing through the street canyon, observed
in [21], [22]. Fig. 13 shows that about 80% of the signal energy
arrivesatthereceiveraftermultiplereﬂections,diffractions,and
scattering (called Class 2 and Class 3 in [21]–[23]) from the
array of buildings on the right-hand side (with respect to TX),
which covers an azimuth range of 20 –30 for the whole range
of elevation angles. The same effects are followed from the pre-
vious results presented in AOA-TD plane [Fig. 9(a) and (b)].
These results are in a good agreement with measurements
[21], [22], according to the effects caused by building blocks
located right from the TX antenna. The distance between these
buildingsisabout350–400meterfromRX2,whichcorresponds
to time delay spread of 1.2–1.3 . These buildings are located
25 –30 from the transmitter in the azimuth plane (see Fig. 7).BLAUNSTEIN et al.: SIGNAL POWER DISTRIBUTION IN THE AZIMUTH, ELEVATION AND TIME DELAY DOMAINS 2911
Fig. 15. The relative power spectrum W(￿;’) for ￿ = ￿10 : (a) 2-D and (b) 3-D picture.
Fig. 16. The relative power spectrum W(￿;’) for ￿ =1 0: (a) 2-D and (b) 3-D picture.
IV. NUMERICAL EXPERIMENT WITH THE VIRTUAL SMART
ANTENNA
The good agreement between theoretical prediction and
measured data for different areas of downtown Helsinki [21],
[22] allows us to create some virtual numerical experiment
with the speciﬁc antennas at the base station. In our numerical
experiment we will use, for example, the experimental site
RX1, shown by Fig. 4, where we will change the BS antenna
directivity , azimuth , and tilt .
A. Tilt Dependence of the Base Station Antenna
In this case we will take into account four different tilts of
the RX antenna , ,1 0 ,2 0 . Here again,
corresponds to tilts above and to tilts below the horizon.
Figs. 14–17 show these variants, respectively. These changes of
the antenna tilt from negative to positive angles in the vertical
(elevation) plane reveals that for most of the energy ar-
rivesfromtheareaslocatedfarfromtheRXantenna,i.e.,caused
by multipath components of the total signal due to propagation
along the two streets. For most energy impinging at the
receiving (RX) antenna is located near the direction to the re-
ceiver (i.e., around the pseudo-LOS direction) with the chan-
neling effects along both streets. The maximum of wave energy
is concentrated at the beginning of the two streets, as it is seen
from Fig. 14 (for ) and from Fig. 15 (for ).
At the same time, for (Fig. 16) and for
(Fig. 17), the main signal energy arrives at the receiver from the
top-side of both streets (far zone effect).
Both kinds of waves along the two streets are caused by
guiding effects of the streets on wave propagation and were
deﬁned in [21], [22] as rays of Class 1. In other words, by
changing the antenna tilt, we can control the process of serving
different users located in zones far and close to the receiver and
effects of scatterers located between and/or around the desired
users.
B. Azimuth Dependence of the Base Station Antenna
Nowwewillturnthearrayoftheantennainazimuthdirection
into ,5 0 . These variants are shown in Figs. 18 and 20
for and , respectively.
Fig. 18 shows the situation when the RX antenna is turned
left from the original direction (see Fig. 19), and most energy
is received from the azimuth direction of , that is from
the street #1, and less energy is arriving from the street #2. This
result differs from that in the real situation shown by Figs. 5 and
6(a), because there are side-rays arriving at the receiver from2912 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 54, NO. 10, OCTOBER 2006
Fig. 17. The relative power spectrum W(￿;’) for ￿ =2 0: (a) 2-D and (b) 3-D picture.
Fig. 18. The (a) 2-D and (b) 3-D normalized power spectrum W(￿;’) for ’ =5.
the left due to reﬂections from side buildings (called in [21],
[22] the rays of Class 2). In the situation described by Fig. 20,
the same level of energy is coming from direction as
itisfromthestreets#1and#2(seealsoFig.21).Inthissituation
an essential part of the total signal energy is arrived, as shown
by Fig. 21, from directions far from the pseudo-LOS located
between street #1 and street #2. So, the “side” effects—but now
from the right side—caused by rays of Class 2, give the same
strong inﬂuence on signal energy azimuth distribution as it was
observed in the real case described by Figs. 5 and 6(a).
C. Directivity Dependence of the Base Station Antenna
Now we will analyze the normalized signal power spectrum
for different values of the directivity of the antenna
( , 30). Fig. 22 shows these cases, respectively. From
this virtual numerical experiment we can understand how the
increment of directivity of the RX antenna affects the decrease
of the arriving power of the multipath components in the total
signal power received by the base station antenna.
It is clear seen that with increase of directivity of the antenna
in the vertical (elevation) plane, most energy arrives at the
base station antenna from direction close to elevation angle of
zero degree or near this direction, working as a spatial ﬁlter to
eliminate multipath components arriving from other directions
Fig. 19. Detailedmap for the situationwherethe main lobeis directedto ’ =
5 .
in the EOA plane. In fact, for all buildings along both
streets take part in joint signal power EOA-AOA distribution,
whereas for only buildings covered by the main lobe of
the antenna with high directivity must be taken into account.BLAUNSTEIN et al.: SIGNAL POWER DISTRIBUTION IN THE AZIMUTH, ELEVATION AND TIME DELAY DOMAINS 2913
Fig. 20. The (a) 2-D and (b) 3-D normalized power spectrum W(￿;’) for ’ =5 0.
Fig. 21. Detailed map for the situation where the main lobe is directed to ’ =5 0.
Fig. 22. The normalized signal power spectrum W(￿;’) for (a) ￿ =1 0and (b) ￿ =3 0 .
V. SUMMARY
In this work, we resolve the problem of mathematical mod-
eling the signal power joint AOA-TD and EOA-AOA distri-
butions in different types of urban areas. We consider, ﬁrst of
all, both arrays of buildings randomly distributed at the terrain
and arrays of streets with straight-crossing-grid plan (like Man-
hattan-grid). The proposed multiparametric model is a general
stochastic approach based on combination of statistical descrip-
tion of the terrain features, geometry of obstructions, multislit2914 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 54, NO. 10, OCTOBER 2006
crossing-street waveguide structure (with gaps), and physical
description of wave propagation based on Kirchhoff integral
equations,consideringscattering,reﬂectionanddiffractionphe-
nomena.
The proposed approach allows us to eliminate limitations of
other models which cannot account for the main features of
urban terrain including also such signiﬁcant factors as antenna
heights ofTXandRX withrespecttobuildingrooftops,RX-TX
distance, and crossing-street orientation with respect to the ter-
minal antennas.
Comparing measurement results with the numerical simula-
tion of the proposed model a good agreement was found with
experiments described in [21], [22], where it was found exper-
imentally that street canyons carry the strongest power (more
than 70% of all received energy at RX antenna). Furthermore,
it was measured that when the RX antenna is on the rooftop
level and below, up to 97% of the total received power be-
longstopropagationalongthestreets.Ourmodelconﬁrmsthese
accepted results and gives, in addition, an extremely conve-
nient tool for analyzing the signal power joint AOA, EOA, and
TD distributions in the urban scene. Observed effects of virtual
numerical experiments carried out in this work, by changing
main parameters of the virtual directive antenna assembled at
the base station, showed that the proposed novel stochastic ap-
proach gives designers of smart antennas a stable planning tool
to predictand control a-priorimain smartantenna operationpa-
rameters. Only topographical propertiesof the urban terrain and
conditions of the terminal antennas with respect to surrounding
obstructions are needed for this purpose.
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